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ABSTRACT 


The  morphology,  size  and  distribution  of  sulfide  inclusions  are  studied 
in  vacuum  melted  and  solidified  AISI  4330  low  alloy  steel  deoxidized  with  various 
elements  such  as  Al,  Si,  Mn,  either  individually  or  in  various  combinations,  and 
B,  Zr  and  Ce.  Types  X,  II  and  III  inclusions  are  investigated  in  detail.  Type 
I  inclusions  are  isolated,  roughly  spherical  sulfides,  Type  II  inclusions  have  an 
interconnected  rod-like  morphology,  and  Type  III  inclusions  are  angular  and 
unconnected  (except  they  are  often  connected  to  Type  II  inclusions) , 

Effects  of  chemistry  (Al,  Si,  Mn)  on  inclusion  Type  is  quantitatively 
determined.  The  effect  of  cooling  rate  on  inclusion  type  and  size  is  examined  for 
a  few  cases.  With  decreasing  cooling  rate,  the  average  size  of  Type  I  inclusions 
and  the  average  spacing  of  the  eutectic  Type  II  inclusions  increase. 

The  origin  of  the  various  types  of  inclusions  observed  is  interpreted 
with  the  aid  of  the  Fe-MnS  pseudo-binary  phase  diagram  and  the  Fe-Mn-S  ternary 
phase  diagram.  Modifications  of  these  diagrams  from  addition  of  the  various 
deoxidizers  are  qualitatively  predicted  and  taken  into  account.  It  is  concluded 
that  Type  I  inclusions  form  by  exsolution  of  liquid  sulfide  pools  from  the  melt, 

Type  III  inclusions  form  by  solidification  of  sulfide  crystals  out  of  the  melt 
and  Type  II  inclusions  form  by  eutectic  solidification  of  the  sulfur-rich  final 
liquid.  Interpretation  of  structures  observed  suggests  that  Type  I  and  possibly 
Type  III  inclusions  are  "pushed”  ahead  of  growing  dendrites.  Morphology  of  inclusions 
is  adequately  predicted  on  the  basis  of  only  temperature  and  mode  of  solidification; 
such  factors  as  surface  energy  differences  between  different  inclusion  types  need 
not  be  postulated  to  explain  their  different  morphologies. 
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CHAPTER  I  -  INTRODUCTION 


Research  has  been  conducted  on  solidification  of  steel  castings  at 

Massachusetts  Institute  of  Technology  since  late  1958.  Research  in  the  years  1958- 

1963  was  on  foundry  techniques  for  improving  the  mechanical  properties  of  steel 

castings.  Techniques  were  developed,  including  ’’unidirectional  solidification", 

for  achieving  major  improvements  in  properties.  Several  of  the  more  general  papers 

(1-6) 

describing  this  work  are  referenced 

Work  in  the  period  1963-1967  concentrated  on  study  of  structural 

variables  known  to  influence  properties  of  steel  castings.  Detailed  fundamental 

studies  were  conducted  on  formation  of  microsegregation  in  steel  castings. 

Extensive  comparison  of  theory  with  experiment  was  made.  Homogenization  kinetics 

were  studied,  and  compared  with  theory;  these  studies  led  to  the  important  works 

of  Quigley  and  Ahearn^  and  others  showing  the  major  improvements  in  properties  in 

low  alloy  steel  obtainable  from  high  temperature  homogenization  treatments. 

Microporosity  was  studied  and  techniques  developed  for  its  evaluation  that  have 

* 

become  useful  industry  tools*  This  work  has  been  summarized  in  four  reports  and 

_  ,  .  -  8-18 
seven  technical  papers 

Research  on  this  program  since  late  1967  has  been  primarily  on  another 
structural  variable  known  to  be  strongly  influential  on  properties  of  steel 
castings;  inclusions.  Work  has  been  on  inclusion  formation  and  growth,  and  on 
influences  of  inclusion  morphology  and  chemistry  on  mechanical  properties;  this 
is  the  first  report  dealing  with  that  work.  Work  currently  in  progress  on  effects 
of  inclusions  on  mechanical  properties  will  be  summarized  in  a  later  report. 

Initial  work,  and  that  reported  herein,  has  been  primarily  on  developing  a  .  :■ 
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fundamental  understanding  of  influence  of  solidification  variables  on  morphology 
of  sulfide  inclusions.  Work  has  been  both  experimental  and  theoretical  -  theoretical 
work  being  primarily  on  detailed  description  of  segregation  and  solidification  isi»' 
multicomponent  ferrous  alloys  (e.g.,  Fe-Mn-S). 


CHAPTER  II  -  LITERATURE  SURVEY 


A  significant  amount  of  work  has  been  published  on  the  morphology  and 

effect  on  mechanical  properties  of  sulfide  inclusions  in  iron,  low  and  medium 

(19-47)  (19) 

carbon  steel  and  low  alloy  steel  ,  Wentrup  studied  the  formation  of  ... 

inclusions  in  the  iron-sulfur  (Fe-FeS),  iron-sulfur-oxygen  (Fe-FeO-FeS) ,  iron- 

manganese-sulfur  (Fe-FeS-MnS-Mn)  and  iron-manganese-oxygen-sulfur  (FeO-MnO-FeS- 

MnS)  systems*  Vogel  et  al^^  studied  the  iron-manganese-sulfur  system  in  more 

detail,  published  several  sections  of  this  ternary  diagram,  and  proposed  the 

pseudobinary  iron-manganese  sulfide  diagram.  Both  Wentrup and  Vogel  et  al^^ 

found  various  sulfide  morphologies  analogous  to  the  sulfide  types  later  defined 
(22)  (23) 

by  Sims  and  Sims  and  Briggs  .  These  authors  examined  the  effects  of  various 
deoxidizers  on  the  morphology  of  sulfide  inclusions  in  low  and  medium  carbon  steels 
in  the  as-cast  condition.  Deoxidizers  studied  were:  manganese,  aluminum, 
titanium,  zirconium,  and  misch  metal.  They  found  that,  in  normal  steels  containing 
more  than  0,5  percent  manganese,  sulfides  are  essentially  MnS  and  can  be  classified 
briefly  as  Types  I,  II,  and  III, 

Type  I  inclusions  are  randomly  dispersed  spheres  having  a  wide  range  of 

sizes;  Type  II  inclusions  appear  as  chains  or  stringers  along  grain  boundaries  and 

Type  III  inclusions  appear  as  randomly  scattered,  faceted  crystals .  Type  II 

inclusions  are  highly  undesirable  leading  to  a  material  of  poor  ductility,  Type  I 

inclusions  lead  to  a  substantially  more  ductile  material  and  Type  III  inclusions 

are  not  as  desirable  as  Type  I  but  are  certainly  preferable  to  Type  II,  for  a 

(23) 

given  sulfur  level'  .  Manganese,  though  a  weak  deoxidizer,  was  found  to  improve 

(22) 

the  action  of  stronger  deoxidizers  like  aluminum  and  silicon  when  present 
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Aluminum  is  a  powerful  deoxidizer  but  not  as  powerful  as  zirconium. 

Small  additions  of  aluminum  may  be  sufficient  for  deoxidation  but  lead  to  Type  II 

inclusions.  Larger  additions  of  aluminum  are  necessary  to  obtain  Type  III  inclusions. 

Titanium  above  0.015  percent  leads  to  Type  II  inclusions,  Type  III  inclusions  are 

not  obtained  no  matter  how  much  titanium  is  added.  Zirconium,  on  the  other  hand, 

leads  to  Types  II  or  m  according  to  the  amount  added  to  the  melt.  Misch  metal 

converts  Types  II  and  III  sulfides  (formed  by  additions  of  aluminum  and  zirconium) 

back  to  Type  I.  However,,  it  has  no  effect  on  Type  II  inclusions  obtained  by 

(23) 

deoxidizing  the  melt  with  titanium  '  . 


Sims  has  attempted  to  explain  the  formation  of  Type  III  sulfide  inclusions 

(22) 

by  surface  tension  considerations  .  He  assumed  an  excess  of  aluminum  or  zirconium 
increased  the  sulfide-matrix  interfacial  energy,  resulting  in  shrinkage  and  formation 

II 

of  liquid  pools  at  regions  where  more  than  two  grain  boundaries  meet*  Schumann 

studied  in  great  detail  the.  Fe-FeS-MnS-Mn  phase  diagram  and  its  modification  when 

!  (21)  (24) 

carbon  is  added  to  the  system  •  Van  Vlack  et  al  examined  the  dependence  of 
the  microstructure  of  sulfide  inclusions  upon  steel  composition  and  analyzed  the 

behavior  of  sulfides  at  steel  rolling  temperatures .  The  effects  of  morphology  and 

■ 

composition  of  sulfide  inclusions  on  hot-shortness  of  steel  and  on  improvement  of 

machinability  were  also  studied,  and  the  effect  of  the  sulfur  level  on  the  surface 

(24) 

quality  of  hot-rolled  steel  stressed 

i 

i 


The  nature,  composition  and  physical  properties  (mainly  microhardness) 

i 

of  sulfide  inclusions,  both  real  and  synthetic,  of  the  (Mn,  Me)S  type  (where  Me 
is  a  transition  metal  of: the  first  long  period  like  chromium,  titanium,  vanadium 
or  iron)  were  extensively  studied  by  Kiessling  et  al  1  }  and  were  correlated 

with  the  composition  of  the  base-metal.  The  importance  of  the  hardness  and 
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plasticity  of  inclusions  and  of  the  depletion  of  the  matrix  around  them  with 

(25) 

respect  to  deformability  and  machinability  of  the  matrix  was  stressed  .  Some 

(26) 

types  of  duplex  sulfide-oxide  or  sulfide-silicate  inclusions  were  examined v  J  , 

(29) 

Composition  studies  of  (Mn,  Fe)S  inclusions  were  also  reported  by  Matsubara 

Boulger^^  examined  the  effect  of  sulfur  and  selenium  on  the  machinability  and 

(31) 

tensile  properties  of  a  5  percent  chromium  steel,  Gaydos  investigated 

the  effects  of  sulfide  and  siliceous  inclusions  in  free-machining  steels.  He 

examined  the  nature  of  duplex  inclusions  as  a  function  of  their  position  in 

the  ingot  and  correlated  it  to  the  oxygen  level  in  the  steel  at  that  particular 
(32  33) 

position,  Detrez  5  '  redefined  the  three  types  of  sulfide  inclusions  in 

steels  and  found  that  the  critical  aluminum  levels  for  the  transition  between 

Types  I  and  II,  and  II  and  III  to  occur  depend;  on  the  sulfur,  oxygen,  and  therefore 

carbon  levels.  With  a  high  sulfur  level  (above  0,1  percent)  and  a  very  low  carbon 

level  (below  0.05  percent)  it  was  found  almost  impossible  to  obtain  Type  III 

(32  33) 

sulfide  inclusions.  Detrez  5  studied  also  the  Charpy  impact  strength  of 
steel  as  a  function  of  the  existing  type  of  sulfide  inclusions. 

(34) 

Araki  et  al  studied  the  nature  and  plastic  behavior  of  sulfide 
inclusions  during  forging  of  a  resulfurized  low  carbon  steel  containing  chromium 

(35) 

and  molybdenum.  Melford  applied  x-ray  scanning  microanalysis  to  study  the 

/  \ 

composition  of  duplex  sulfide  inclusions  in  high  chromium  steel,  Lichy  et  al''  ' 

studied  the  control  of  sulfide  shape  after  rolling  in  low  carbon  aluminum-killed 

steel.  They  found  that  the  heavy  stringer  sulfides  occurring  in  non-zirconium 

hearing  steel  after  rolling  were  changed  into  an  interesting  oval  type  when 

(37) 

zirconium  0.10-0.18  percent  was  present.  Backer  et  alv  examined  the  nature 
and  composition  of  sulfide  inclusions  in  resulfurized  cast  steel  having  an 
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imp roved  mach  inability „  They  also  investigated  the  distribution  of  elements  like 
manganese  throughout  the  specimen,  namely  inside  the  matrix,  the  carbide  inclusions, 

/OQ\ 

the  sulfide  inclusions  and  the  oxides,  Kondo  et  alVl  }  studied  briefly  the 

(39) 

composition  of  inclusions  in  resulfurized  high-speed  steel  and  Araki  et  al 

conducted  similar  studies  on  the  effect  of  molybdenum,  carbon  and  other  elements 

on  sulfide  inclusions  in  low  carbon  steel,  Salmon  Cox  et  al^^  examined  the 

nature,  type  and  distribution  of  sulfides  and  duplex  sulfide-silicate  inclusions 

across  an  ingot  of  0,2  percent  carbon  sfeeelo  They  found  that  Type  I  randomly 

dispersed  sulfide  inclusions  containing  also  a  silicate  phase  are  more  frequent  in 

the  columnar  and  branched  regions  of  the  ingot,  whereas  Type  II  eutectic  inclusions 

were  more  frequent  in  the  equiaxed  region  of  the  ingot.  They  concluded  that  the 

silicate  phase  has  been' rejected  from  limited  solid  solution  with  the  sulfide 

(41) 

as  opposed  to  Karmazin  ' :  '  who  postulated  that  the  silicate  phase  is  in  fact  a 
particle  acting  as  nucleating  agent  of  the  sulfide. 

The  interrelationship  between  FeS  and  MnS  inclusions  was  examined  by 

Whit^ley ^ □  Nicodemif^^  examined  the  morphology  and  the  effect  of  cooling  rate 

on  non-metallic  inclusions  in  stainless  steel  castings 0  He  observed  that  the 

size  of  sulfides  or  duplex  oxide-sulfide  inclusions  decreases  with  increasing 

(34  44) 

cooling  rateQ  Analogous  observations  were  made  by  other  investigators  * 
who  noticed  the  coarsening  of  sulfide  particles  with  distance  from  the  ingot 

(45)  i 

edge*  Yeo  studied  ifche  effect  of  oxygen  content  and  deoxidation  by  silicon, 

j 

boron,  aluminum  and  carbon  in  resulfurized  steels  on  sulfide  morphology  and 

machinabilify o  He  found  that  sulfide  inclusions  are  hardened  by  oxygen  during 

| 

rolling,  so  that  they  remain  more  globular,,  Dahl  et  investigated  in 

detail  the  conditions  of  occurrence  of  the  various  types  of  sulfide  inclusions  in 
low  carbon  steel  and  the  effect  of  various  deoxidizers  and  attempted  an 


■Vj1 
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explanation  of  the  various  morphological  observations  on  the  inclusions  based  on 
the  phase  diagram  of  the  system. 

The  effect  on  inclusions  of  the  variation  in  initial  oxygen  content  has 

(47) 

been  recognized  and  studied  by  Crafts  and  Hilty  .  These  authors  examined  in 
detail  the  structure  of  inclusions  in  the  iron-oxygen-sulfur  system  as  well  as 
in  the  system  modified  by  additions  of  manganese,  aluminum,  and  silicon. 


CHAPTER  III  -  EXPERIMENTAL  PROCEDURE 


Several  series  of  cylindrical  ingots  (1.1"  dia.  x  1.1"  high)  were  prepared 
of  AISI  4330  low  alloy  steel  whose  nominal  composition  is  given  in  Table  I.  In 
these  ingots  the  sulfur  level  was  generally  brought  up  to  0.1  percent.  Deoxidation 
was  conducted  using  various  deoxidizers  as  indicated  in  Table  II.  Melting  and 
solidification  were  conducted  in  a  Balzer  USG  10  vacuum  induction  unit  with  a 
30  KW,  10  KC  power  source.  Samples  were  heated  indirectly  using  a  graphite 

j 

susceptor.  Specimens  of  AISI  4330  steel  weighing  approximately  100  gms.  were 
loaded  in  fused  silica  crucibles  together  with  the  corresponding  amount  of  sulfur 
added  as  pure  FeS,  and  in  some  cases  with  the  adequate  amount  of  deoxidizer. 

The  system  was  melted  under  1/2  atmosphere  of  argon  superheated  to  approximately 
1585°C  (corresponding  to  about  100°C  superheat),  held  isothermally  for  10  minutes 
in  order  to  homogenize  the  melt  and  subsequently  cooled  down  first  at  an  average 
rate  of  15°C/min.  by  decreasing  the  power,  and  later  on,  at  the  onset  of 
nucleation  of  the  matrix,  at  a  rate  of  about  70°C/min.  by  shutting  off  the  power. 
Undercooling  before  nucleation  of  the  steel  was  intentionally  prevented  by 
nucleating  the  melt  with  an  iron  wire. 

Deoxidizers,  such  as  Mn,  and  Si,  do  not  react  appreciably  with  the 

silica  crucible.  They  were  added  to  the  system  during  the  melt-down  period. 

! 

Deoxidizers  like  Al,  Zr,  B  which  react  with  the  silica  crucible  were  added  at 

! 

the  end  of  the  isothermal  holding  period  and  were  allowed  to  dissolve  and  react 

during  the  slow  cooling  period  prior  to  nucleation  of  the  melt.  One  or  two  weighed 

! 

pieces  of  the  deoxidizer  were  fastened  on  a  pure  iron  rod  by  means  of  pure  iron  wire. 

i 

The  rod  was  lowered  into  the  melt  at  the  appropriate  moment.  Because  the  time 

j 

available  for  reaction  is  short,  no  appreciable  reaction  is  believed  to  occur 
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between  silica  crucible  and  deoxidizer.  Temperature  was  measured  and  recorded 
using  a  Pt/Pt-10  percent  Rh  thermocouple  and  a  Moseley  Autograf  strip  chart 
recorder. 


Specimens  thus  prepared  were  polished  and  examined  metallographically , 
generally  unetched  but  in  some  cases  etched  with  Rosenhain's  reagent.  This 
etchant,  used  for  observing  the  dendritic  structure,  consists  of  an  aqueous 
solution  of  copper,  iron  and  stannous  chlorides.  Some  specimens  were  studied 
using  electron  microanalysis.  Inclusions  were  also  examined  by  x-ray  scanning 
analysis . 


Measurement  of  volume  percent  of  inclusions  was  done  by  quantitative 
metallography.  A  two-dimensional  systematic  point  count  was  used  following 
procedure  of  Cahn  and  Hilliard A  systematic  array  of  points  was  used, 
provided  by  corners  of  a  two-dimensional  10  x  10  grid  having  100  points.  The 
grid  was  traced  on  the  metallograph  on  which  the  photomicrograph  is  projected. 

A  coarse-mesh  lattice  criterium  is  the  following: 

P  +  P-,  -  1 
ro  rl 

p  =0  for  n  >  2 
n  — 

where  p^  is  the  probability  that  a  feature  will  occupy  n  lattice  points. 

Inclusion  diameter  measurements  were  carried  out  by  making  a  number  of 
random  traverses  across  photomicrographs  of  the  sample,  counting  the  number  of 
inclusions,  N  9  crossed  by  the  line  and  measuring  the  total  length  of  line  L 
intercepted  by  the  inclusions.  The  mean  lineal  intercept,  L,  was  obtained  from 
L  =  (L/Nl) , 
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The  average  spacing,  L,  of  Type  II  inclusions  was  measured  by  drawing 
a  line  through  the  center  of  the  inclusions  and  measuring  the  number  of  inclusions, 
N^,  intercepted  per  unit  length  of  line.  The  average  spacing,  L,  is  then  given 
by  L  =  (1/N^) . 


CHAPTER  IV  -  RESULTS 


The  metallographic  observations  made  on  various  etched  and  unetched 
specimens  may  be  summarized  as  follows: 

Series  I,  AISX  4330  Specimens  Containing  Various  Amounts  of  Sulfur 

Specimens  of  AISI  4330  low  alloy  steel  were  prepared  containing  0.01, 

0.02,  0.05,  0.1,  0.2,  0.5  and  1.0  percent.  As  expected,  it  was  observed  that 
the  volume  fraction  of  sulfides  increases  with  increasing  amount  of  sulfur. 

The  type  of  inclusions  is  mixed;  there  is  a  coexistence  of  Type  I  and  II  inclusions* 
Inclusions  of  Type  I  are  individual  spheres  or  spheroids  of  a  wide  size  distribution 
scattered  in  the  interdendritic  spaces,  Figure  la,  Type  II  inclusions  appear  as 
rosaries  of  beads  or  chains,  or  stringers,  along  grain  boundaries.  It  is  sometimes 
difficult  to  distinguish  between  Type  I  and  Type  II  inclusions  by  examining  a  single 
polished  surface.  Ambiguity  is  eliminated  by  successively  polishing  down  the 
specimen  and  examining  the  new  surfaces  0  Figure  lb  is  a  typical  photomicrograph 
of  a  specimen  containing  0.1  percent  S,  showing  the  coexistence  of  the  two  types 
of  inclusions. 

With  increasing  amount  of  sulfur,  there  is  an  obvious  shifting  of 
inclusion  type  from  I  to  II,  Figure  2.  Inclusion  type  is  close  to  I  in  the 
specimen  containing  0.01  percent  S  and  close  to  II  in  that  containing  1.0  percent 
S.  Because  of  the  coexistence  of  inclusions  of  Types  I  and  II  the  structure  may 
be  characterized  by  a  number  such  as  the  "relative  volume  fraction  of  Type  II  and 
Type  I  inclusions."  Thus,  when  the  relative  volume  fraction  of  Type  II  inclusions 
is  higher  than  90  percent,  the  specimen  is  said  herein  to  present  Type  II  sulfides. 
If  the  relative  volume  fraction  of  Type  II  inclusions  is  lower  than  10  percent, 
the  specimen  is  said  to  present  Type  I  sulfides. 
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With  increasing  sulfur  level,  the  size  of  inclusions  increases.  At 
high  magnification,  they  appear  to  consist  of  two  phases  identified  as  (Mn,Fe)S 
and  FeS*.  Inclusions  in  specimens  containing  more  than  0.05  percent  S  appear  to 
have  silicate  or  oxide  cores  which  increase  in  size  with  sulfur  level  and 
inclusion  size. 

Because  the  sulfur  level  has  such  a  significant  effect  on  the  type 
of  inclusions,  specimens  in  which  the  effect  of  various  deoxidizers  was  studied 

were  made  with  a  constant  sulfur  content,  namely  0.1  percent.  The  advantage  of 

i 

this  value  is  that  for  this  sulfur  level  the  sulfide  morphology  is  quite  analogous 
to  that  expected  in  non-resulfurized  AISI  4330  steel  specimens.  Conclusions 
based  on  morphological  observations  made  on  specimens  containing  0.1  percent  S 
may,  therefore,  be  extrapolated  to  non-resulfurized  specimens. 

i 

The  bulk  of  the  work  reported  in  subsequent  sections  (on  effect  of 
various  deoxidizers  on  inclusion  morphology)  was  conducted  on  0.1  percent  S 
melt.  Detailed  examination  of  the  morphology  of  Type  II  inclusions  in  specimens 
containing  0.1  percent  S  shows,  first,  an  alignment  of  beads  and  stringers, 

Figure  3.  Polishing  down  and  examining  the  successive  surfaces  reveals  that  in 

i 

fact  the  beads  and  stringers  are  interconnected  at'  some  level;  Figure  3  shows 

several  of  a  large  number  of  such  sections  studied.  The  morphology  of  the.  sulfides 

(49) 

as  a  group  is  that  of  a  degenerate  eutectic  ,  very  similar  to  that  of  a 
"chinese  scriptum"  consisting  of  irregularly  cylindrical  rods.  Thus,  for  this 
particular  case,  the  classical  "beads"  are  in  reality  intersections  of  "stringers" 
by  the  polishing  plane.  Figure  4  shows  the  same  area  of  this  specimen  etched  and 

unetched.  It  appears  clearly  that  eutectic  inclusions  are  spread  along  dendrite 

*  In  reflected  natural  light  (Mn,Fe)S  has  a  dove  gray  color ,,  whereas  FeS  has 
a  very  light  gray  color. 
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arm  boundaries  and  not  along  grain  boundaries  as  generally  supposed.  Figure  5 
represents  schematically  the  morphology  of  the  eutectic  Type  II  inclusions  around 
a  dendrite  arm. 

The  examination  of  the  samples  containing  various  amounts  of  sulfur 
showed  that  with  increasing  distance  from  the  ingot  edge  or  from  a  cooling 
surface  the  size  of  inclusions  increases  and  that  there  is  a  progressive  shifting 
of  inclusion  morphology  towards  Type  I*  In  order  to  study  more  schematically 
these  observations,  a  series  of  four  ingots  of  AISI  4330  steel  containing  0.1 
percent  were  solidified  at  four  different  cooling  rates,  70,  40,  20,  and  10°C/min 
by  adequately  adjusting  the  power  during  the  cooling  period.  Figure  6  shows  the 
decrease  in  average  diameter  of  Type  I  inclusions  (measured  by  lineal  analysis) 
versus  increasing  cooling  rate.  Figure  7  shows  the  decrease  in  eutectic  rod 
diameter  and  in  average  eutectic  spacing  with  increasing  cooling  rate.  The 
variation  of  spacing  is  plotted  in  Figure  8. 

Series  II.  AISI  4330  Specimens  Containing  0.1  Percent  Sulfur  and  Various  Amounts  of  Qxygai 

Two  ingots  were  solidified  containing  more  oxygen  than  would  correspond 
to  equilibrium  with  the  silica  crucible  at  the  isothermal  holding  temperature. 

The  oxygen  was  added  to  the  melt  as  Fe2°3  known  analysis.  In  one  ingot,  0,04 
percent  oxygen  was  added;  the  inclusion  resulting  type  was  mixed  I-II.  At  the 
center  of  the  ingot  the  inclusions  were  over  90  percent  Type  I  and  at  the  edge 
they  were  over  90  percent  Type  II,  In  the  other  ingot,  0oQ8  percent  oxygen  was 
added;  inclusions  were  Type  X.  Sulfides  contain  dark  oxide  cores,  Figure  9. 
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Series  III,  AISI  4330  Specimens  Containing  0.1  Percent  Sulfur  and  Deoxidized  with 
Various  Amounts  of  Aluminum 

Five  AISI  4330  ingots  were  made  containing  0.05,  0.3,  0.4,  0.5,  and 

0.8  percent  A1  respectively.  Aluminum  was  added  to  the  melt  at  the  end  of  the 

isothermal  holding  period.  At  up  to  0.3  percent  A1  additions,  the  type  of 

inclusions  was  mixed  I-II.  Beyond  this  level,  inclusions  were  essentially  of  Type 

II.  No  traces  of  Type  III  inclusions  were  observed  with  A1  additions  as  high  as 

(23)  (24) 

0.8  percent  as  would  be  expected  from  work  by  Sims  and  Sims  and  Briggs  on 
low  and  medium  carbon  steel. 

Series  IV,  AISI  4330  Specimens  Containing  0 , 1  Percent  Sulfur  and  Various  Amounts 
of  Aluminum  and  Silicon 

A  series  of  16  ingots  of  AISI  4330  were  made,  containing  0.1  percent  S 
and  various  amounts  ofAl  and  Si,  Table  II.  A  metallographic  examination  of  the 
Type  of  inclusions  led  to  the  compilation  of  points  in  Figure  10.  Three  curves 
are  shown,  dividing  the  space  of  the  quadrant  into  four  regions.  In  the  first 
region,  corresponding  to  very  low  Si  and  A1  contents,  inclusions  are  of  mixed 
Type  I-II.  In  the  second  region,  corresponding  to  low  A1  and  Si  content, 
inclusions  are  of  Type  II.  In  the  third  region,  corresponding  to  higher  A1  and 
Si  contents,  inclusions  are  mixed  Type  II-III,  Figure  11.  In  the  fourth  region 
corresponding  to  still  higher  A1  and  Si  contents,  the  relative  volume  fraction 
of  Type  III  inclusions  exceeds  90  percent  and  the  type  of  sulfides  is  then  defined 
as  III.  Type  III  inclusions  appear  as  intersections  of  idiomorphic  cubic  crystals 
with  the  plane  of  polishing.  They  seem  scattered  throughout  the  dendritic  structure 
but  are  mainly  concentrated  in  the  interdendritic  spaces.  A  close  study  of  these 
inclusions  shows  that:  ;  (1)  their  cubic  patterns  are  often  disturbed  by  "dendritic" 
projections,  and  (2)  tjhey  often  surround  regions  of  Type  II  inclusions  and  project 


-15- 


arms  which  join  these  interdendritic  eutectic  networks.  (3)  They  often  appear 
cracked.  Figure  12, 

Series  V,  AISI  4330  Specimens  Containing  0,1  Percent  Sulfur  and  Various  Amounts 
of  Aluminum  and  Manganese 

A  series  of  seventeen  ingots  of  AISI  4330  specimens  were  made  containing 
Qol  percent  S  and  various  amounts  of  A1  and  Mn,  Table  II.  Figure  13  summarizes 
metallographic  observations  relating  to  the  resulting  inclusion  type.  For  very  low 
Mn  and  A1  additions,  inclusions  are  of  the  mixed  Type  I-II.  For  low  Mn  and  A1 
additions,  they  are  of  Type  II,  for  higher  Mn  and  A1  additions,  they  are  of  mixed 
Type  II-III  and  for  still  higher  additions  they  are  of  Type  III. 

Series  VI.  AISI  4330  Specimens  Containing  0.1  Percent  Sulfur  and  Various  Amounts 
of  Silicon  and  Manganese 

Six  AISI  4330  ingots  were  prepared  containing  0.1  percent  S  and 
deoxidized  with  various  amounts  of  Si  and  Mn.  Figure  14  shows  that  for  very  low 
Mn  and  Si  contents,  inclusions  are  of  mixed  Type  I-II,  whereas  for  higher  contents 
they  are  of  Type  II.  For  high  Mn  and  Si  contents,  a  mixed  Type  II-III  is  obtained. 
For  compositions  as  high  as  1  percent  Mn  and  1  percent  Si,  inclusions  are  still 
of  the  mixed  Type  II-III. 

Photomicrographs  of  a  polished  specimen  of  this  series,  containing  0.1 
percent  S-0,3  percent  Si  are  given  in  Figure  15.  An  apparently  new  type  of 
inclusions  can  be  seen.  They  are  globular,  ring-like  with  a  matrix  core,  similar 
to  Type  I  inclusions.  Type  II  and  Type  III  inclusions  lie  next  to  them.  Type  II 
inclusions  of  this  specimen,  observed  at  high  magnification,  exhibit  an  internal 
eutectic  structure,  Figure  16. 


Series  VII.  AISI  4330  Specimens  Containing;  0,1  Percent  Sulfur  and  Various 
Amounts  of j Silicon,  Manganese,  and  Aluminum 

The  information  included  in  Figures  10,  13,  and  14  was  compiled  in  a 

three-dimensional  geometric  representation  of  the  compositional  regions  in  which 

mixed  Type  I-II,  Type  II,  mixed  Type  II-III  and  Type  III  of  inclusion  may  be 

expected.  Figure  17. 

The  curves  shown  are  approximate  since  experimental  points  have  been 
obtained  to  date  only  along  the  three  orthogonally  oriented  planes.  Additional 

i 

work  is  currently  in  progress  on  alloy  compositions  within  the  space  enclosed 
by  the  three  axes.  To  date,  three  ingots  have  been  made  with  all  three  elements 
(Si,  Mn,  Al)  present,  Table  II. 

Series  VIII.  AISI  4330  Specimens  Containing  0,1  Percent  Sulfur,  a  High  Oxygen 

Concentration  and  Various  Amounts  of  Silicon,  Aluminum,  and  Manganese 

Three  ingots  of  AISI  4330  containing  0.1  percent  S  were  made.  The  oxygen 

level  was  increased  by  addition  of  0.02  percent  Oxygen  as  Fe2C>2.  The  amounts  of 

Al,  Si,  and  Mn  added  were  the  same  as  those  added  in  the  three  ingots  of  the 

previous  series  VII.  Thus,  the  compositions  of  the  two  series  of  ingots  differed 

only  by  their  respective  oxygen  levels.  Series  VII  contained  approximately  0.008 

percent  oxygen  and  Series  VIII  approximately  0,02  percent  Oxygen.  The  effect  on 

inclusion  morphology  of  this  oxygen  content  increase  is  that  the  type  of  inclusions 

in  the  high  oxygen  ingotsj  is  mixed  II-III  instead  of  III.  This  shows  clearly 

that  an  increase  of  oxygen  content  moves  the  surfaces  between  regions  II  and  II-III 

| 

on  one  hand,  and  between  regions  II-III  and  III  on  the  other,  towards  higher  values 
of  Al,  Si,  and  Mn.  A  similar  effect  can  logically  be  expected  by  decreasing  the 
carbon  level  of  this  steel. 
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Series  IX.  AISI  4330  Specimens  Containing  0.1  Percent  Sulfur  and  Deoxidized  with 
Either  Zirconium ,  Boron ,  Cerium 

Additions  of  0o4  percent  Zr  to  an  AISI  4330  steel  ingot  containing  0.1 
percent  S  leads  to  Type  III  sulfide  inclusions.  Low  additions  of  0.05  percent  Zr 
do  not  seem  to  affect  the  inclusion  Type  and  morphology.  Additions  of  0.1  percent 
Ce  or  misch:  metal  to  the  same  allow  convert  Type  II  inclusions  into  Type  I. 
Additions  of  only  0*05  percent  B  do  not  affect  the  Type  of  inclusions.  These 
morphological  changes  will  be  described  in  more  detail  below: 

Specimen  Containing  0.4  Percent  Zirconium 

Photomicrographs  of  the  polished  and  unetched  specimen  are  given  in 
Figure  18*  Type  III  sulfides  appear  as  idiomorphic  hexagonal  crystals,  Figures  18a 
and  b,  scattered  mainly  between  dendrite  arms  and  occasionally  within  the  dendrites 
themselves  *  Type  II  sulfides  appear  as  elongated  stringers  along  interdendritic 
spaces.  By  successively  polishing  down  and  examining  a  large  number  of  sections 
it  has  been  found  that  in  reality  these  stringers  are  narrow  lamellae,  often 
attached  to  Type  II  inclusions ■  In  addition,  the  similarity  of  optical  properties 
(such  as  color  in  natural  and  polarized  light  and  index  of  refraction)  of 
crystals  and  lamellae  indicate  that  presumably  these  two  Types  of  sulfides 
have  very  nearly  the  same  composition.  Preliminary  electron  microprobe  examination 
has  shown  that  these  inclusions  contain  about  20  percent  Zr  besides  Mn  and  S. 

Some  Type  III  inclusions  present  a  dark  core,  Figure  18b,  which  is  quite  probably 
a  zirconium  silicate.  Idiomorphic  zirconium  silicate  crystals  appear  scattered 
in  certain  regions  of  the  specimen.  Figure  18d„ 

Specimen  Containing  Q.3  Percent  Boron 

Photomicrographs  of  this  specimen  are  given  in  Figure  19.  The  dendritic 
structure  appears  readily  without  etching , Figure  19(a),  because  of  significant 
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eutectic  formation  in  the  interdendritic  spaces.  This  eutectic  involves  an 
(Fe,  Mn,  Cr,  Ni,  Mo)  phase  and  an  (Fe,  Mn,  Cr,  Ni,  Mo)  boride  phase.  Coring  inside 
the  dendrite  arms  appears  by  etching  lightly  the  specimen  with  Marble's  reagent. 
Figure  19b,  Type  III  inclusions  consisting  of  idiomorphic  crystals  are  scattered 
in  the  interdendritic  spaces,  mainly  along  dendrite  arm  boundaries.  The  relative 
position  of  these  sulfides  with  respect  to  the  eutectic  appears  clearly  in  Figures 
19c  and  d. 

Specimen  Containing  0.1  Percent  Cerium 

Photomicrographs  of  this  specimen  are  given  in  Figure  20.  Sulfide 
inclusions  belong  to  Type  I.  They  are  globular  and  are  scattered  between  dendrite 
arms.  More  than  one  phase  appears  inside  the  inclusions.  The  very  dark  phase  is 
presumably  an  oxide  or  a  silicate  containing  Ce,  the  dark-gray  phase  is  a  cerium- 
rich  sulfide  (CeS)  and  the  light  dove  gray  phase  is  the  usual  Mn-rich  sulfide. 

In  addition,  as  in  Figure  20  d,  some  of  the  iron-rich  matrix  material  occasionally 
appears  within  the  inclusion. 


Series  X.  A1SI  4330  Specimens  Containing  0.5  Percent  Sulfur  and  Various  Amounts 
of  Manganese  and  Silicon 

Photomicrographs  of  the  specimen  containing  2  percent  Mn  are  given  in 
Figure  21.  Some  regions  of  the  specimen  exhibit  the  structure  analogous  to  that 
of  Figure  21a.  The  inclusion  Type  is  mixed  II-III.  Type  II  inclusions  are 
scattered  at  sites  where  two  or  three  boundaries  meet.  Other  regions  of  the 
specimen  exhibit  the  structure  of  Figure  21b.  Here,  there  is  a  continuous  and 
wide  network  of  eutectic  sulfide  inclusions  along  the  dendrite  arm  boundaries. 


Figure  22  shows  photomicrographs  of  the  specimen  containing  2  percent 
Mn-0.3  percent  Si.  Type  II  Inclusions  form  wide  eutectic  networks  between 
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dendrite  arm  boundaries «  These,  networks  are  surrounded  by  Type  III  inclusions 
appearing  as  idiomorphic  crystals  often  with  arms  projecting  inside  the  eutectic 
regions „ 


CHAPTER  V  -  DISCUSSION 


The  origin  and  solidification  behavior  of  the  various  types  of  sulfide 
inclusions  in  the  AISI  4330  low  alloy  steel  will  be  discussed  in  the  present 
Chapter.  Low  alloy  steel  being  a  rather  complex  chemical  system,  simplifications 
will  be  made  in  order  that  available  phase  diagrams  be  used  for  understanding  the 
solidification  process, i 

The  various  types  of  sulfide  inclusions  encountered  in  the  present  study 
are  basically  (Mn,  Fe)S  solid  solutions;  the  average  oxygen  concentration  of  the 
melts,  approximately  0.003  percent  (30  ppm),  was  low  enough  that  oxygen  is 
reasonably  neglected  in:  discussing  this  multicomponent  system.  It  is , therefore^ 
logical  that  the  analytical  examination  of  the  Fe-Mn-S  system  be  the  backbone  of 
the  discussion  to  follow. 

Figure  23  shows  schematically  the  Fe-Mn-MnS-FeS  part  of  the  Fe-Mn-S 

phase  diagram.  The  four  sides  of  the  diagram  are  the  binaries;  Fe-FeS,  Fe-Mn, 

(2Q  23  50) 

Mn-MnS,  and  MnS-FeS^  *  *  „  The  Fe-FeS  phase  diagram  is  a  simple  eutectic 

i 

diagram  with  practically  no  iron  solid  solubility  in  iron  sulfide „  The  solid 

(51) 

solubility  of  sulfur  in  iron  is  as  low  as  0o2  percent  at  room  temperature „ 

The  Mn~MnS  phase  diagram  presents  a  eutectic,  G,  near  the  manganese  side,  a 

liquid  miscibility  gap,  DKfE,  and  a  monotectic,  E,  near  the  MnS  side,.  The  FeS- 

j 

MnS  phase  diagram  is  a  eutectic  type  with  no  solid  solubility  of  manganese  in  iron 

i 

sulfide  and  a  significant  solid  solubility  of  iron  in  manganese  sulfide „  The 
Fe-Mn  binary  is  one  of  nearly  complete  solid  solubility  with  narrow  liquid-solid 
region.  The  liquidus  and  solidus  are  simplified  to  a  single  line  in  Figure  24 

i 

i 

for  clarity,  ! 

The  liquid  miscibility  gap  KMNCDK'EOK  has  the  shape  Of  an  oblong  dome 
of  crest-line  KK'  limited  by  the  contour  E0KMNCD.  The  projection  of  this  contour 
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on  the  basal  plane  of  the  diagram  illustrates  the  slopes  of  its  various  segments „ 

Thus,  K  is  a  minimum  point  whereas  C  and  P,  intersections  of  the  contour  with  the 
vertical  plane  :whose  trace  on  the  basal  plane  is  the  diagonal  Fe-MnS ,  are  maximum 
points.  The  segment  EO  is  a  monotectic  valley  whereas  OH,  LH,  and  QH  are 
eutectic  valleys  converging  towards  H,  the  ternary  eutectic.  QG  is  also  a  eutectic 
valley  descending  from  Q,  a  maximum  point  situated  in  the  same  vertical  plane  as 
P  and  C,  to  G,  the  binary  eutectic. 

The  basal  plane  projection  of  the  monotectic  and  eutectic  valleys 

and  of  the  limiting  contour  of  the  liquid  miscibility  gap  are  also  shown  schematically 

in  Figure  24.  Figure  25a  shows  some  tie  lines  across  the  miscibility  gap,  leaning 

(21) 

against  the  contour  of  the  gap  .  Figure  25b  shows  the  shift  of  the  miscibility 

gap,  of  the  tie  lines  across  the  gap  and  of  the  eutectic  valleys  when  carbon  is  added 

(21) 

to  the  Fe-Mn-S  system  .  The  configuration  of  the  two  basal  projections  of  the 
systems  Fe-Mn-S  and  Fe(C)-Mn-S  being  similar,  conclusions  formulated  by  studying 
the  solidification  behavior  of  the  first  system  should  be  qualitatively  applicable 
to  the  second. 

Figure  26  represents  schematically  the  pseudobinary  phase  diagram  Fe~MnS 
obtained  by  sectioning  the  ternary  Fe-Mn-S  phase  diagram  by  the  vertical  plane 
whose  trace  on  the  basal  plane  is  the  diagonal  Fe-MnS.  This  pseudobinary  is  used 
below  for  a  simplified  interpretation  of  the  origin  and  solidification  behavior 
of  the  various  types  of  sulfide  inclusions.  A  second  and  more  rigorous  way  of 
conducting  this  investigation  is  by  using  the  basal  projections  of  Figures  25a, 


27,  and  28. 


Experimental  observations  made  in  this  study,  and  which  may  be  understood 
at  least  qualitatively  by  the  discussion  to  follow  using  the  phase  diagrams*  of 
Figures  23-26,  include  the  following: 

(1)  Type  I  inclusions  appear  as  spheres  of  wide  size  distribution, 
scattered  randomly  in  interdendritic  spaces  (not  throughout 

the  whole  matrix  as  widely  believed)*  It  is  possible,  though  rare, 
to  see  a  few  such  inclusions  within  the  dendrites. 

(2)  Type  II  inclusions  appear  as  a  eutectic- like  network  of 
irregular  cylindrical  rods  spread  along  interdendritic  spaces 
(not  just  along  grain  boundaries  as  widely  believed).  The 
classical  "beads'1  and  "stringers"  are  random  intersections  of 
the  eutectic  network  by  the  polishing  plane. 


(3)  Type  III  inclusions  appear  as  idiomorphic  crystals  scattered 
throughout  the  whole  dendritic  structure,  but  frequently 
situated  in  interdendritic  spaces.  They  often  project  arms  which 
join  Type  II *  inclusions . 


(4)  More  than  one  type  inclusion  is  generally  observed  in  a  given 


sample , 


but  some  Type  II  is  found  in  all  specimens, 


(5)  Increasing  sulfur  content  favors  formation  of  Type  II  inclusions. 


(6)  For  an  alloy  containing  0.1  percent  S  certain  chemical  variables 
favor  the  following  transitions: 

(a)  Increasing  amounts  of  A1  favor  Type  I  Type  II 
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(b)  Increasing  amounts  of  A1  and  Mn  and/or  Si  favor  Type  11+ 

Type  III 

(c)  Decrease  in  0  level  favors  Type  I^Type  II 

(d)  Decrease  in  0  level  and  increase  in  Al,  Mn  and/or  Si  levels 
favor  Type  II^Type  III 

(e)  Addition  of  Zr  or  B  favors  Type  II^Type  III 

(f)  Ce  additions  favor  Type  II-KType  I 

For  qualitative  interpretation  of  the  foregoing,  consider  first  several 

alloys  within  the  pseudobinary  Fe-MnS  system.  Since,  as  noted  in  Figure  25  and 

(21) 

elsewhere  ,  tie  lines  during  solidification  lie  approximately  within  this 
pseudobinary,  we  need  only  consider  the  binary  when  examining  solidification  of 
alloys  whose  composition  initially  lies  along  the  line  joining  Fe  and  MnS;  this 
pseudobinary  is  sketched  in  Figure  26 « 

The  binary  of  Figure  26  will  be  used  to  discuss  solidification  of  three 
different  alloys  (Alloys  1,  2,  and  3  of  Figure  26) ,  making  the  essential  pre¬ 
suppositions  that  (1)  MnS-rich  liquid  (L^)  comprises  Type  I  inclusions,  (2) 
the  eutectic  Type  II  inclusions  form  at  the  eutectic  Q  as  +  Fe  4-  MnS  (solid)  and 
(3)  Type  III  inclusions  form  from  the  melt  as  +  MnS (solid) ;  the  equilibrium 
temperature  range  for  this  reaction  lies  above  the  eutectic  Q  and  below  the  eutectic  P. 
The  second  pre-supposition  has  been  made  earlier  by  Sims'1  .  Recently,  Dahl  et  al^ 
made  all  three  pre-suppositions. 

Consider,  first,  solidification  of  alloy  1,  Figure  26,  whose  liquidus 

is  Assuming  negligible  undercooling  before  nucleation,  iron-rich  dendrites 

will  nucleate  at  T  and  grow  while  the  liquid  composition  moves  from  L-  to  the 

L1  1 
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eutectic  composition  Q.  At  T^,  the  eutectic  Fe-MnS  forms  (eutectic  Type  II 
inclusions).  This  alloy,  solidified  in  this  manner,  will’ consist  of  only  Type 

II  inclusions  in  an  iron  matrix. 

Next,  consider  alloy  2,  also  solidifying  with  negligible  undercooling 
of  all  phases  before  nucleation.  Here,  solid  Type  III  inclusions  nucleate  at 
and  grow  while  the  liquid  moves  to  the  eutectic  Q.  Final  structure  consists 
of  Type  III  and  Type  II  inclusions,  with  the  proportion  of  Type  II  inclusions 
decreasing  as  initial  liquid  composition  moves  from  Q  towards  C. 

Next,  consider  Alloy  3,  also  solidifying  with  negligible  undercooling 
of  all  phases  before  nucleation.  Liquid  Type  I  sulfides  grow  above  the  eutectic 
temperature  of  liquid  L^’,  solid  Type  III  sulfides  grow  at  lower  temperatures 
but  above  the  eutectic  of  L^,  and  eutectic  Type  II  sulfides  grow  at  the  eutectic 
of  liquid  (at  Q) .  Hence,  this  alloy,  as  solidified,  contains  Types  I,  II,  and 

III  sulfides. 

Finally,  if  nucleation  of  solid  MnS  is  supposed  to  be  hindered  in  any 
one  of  the  three  alloys  discussed  above,  a  different  combination  of  inclusion 
types  will  result.  As  example,  consider  Alloy  1.  Suppose  nucleation  of  solid 
MnS  cannot  occur  at  Q,  but  liquid  L2  forms  at  T^.  Thus,  Type  I  inclusions  form 
and  provided  solid  MnS  later  nucleates,  Type  II  sulfides  may  also  form  after 
recalescence  at  or  near  T^.  Similarly  Alloy  2  will  comprise  Type  I,  II  and  III 

i  /  c  9) 

or  Types  X  and  XI  according  to  the  maximum  recalescence  temperature  reached 

The  foregoing  simple  discussion  explains  qualitatively  the  bulk  of 
the  observations  made  in  this  work,  including  the  general  morphological  features 
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of  different  types  of  inclusions*  One  exception  is  the  fact  that  (assuming  no 
undercooling  before  nucleation)  inclusions  of  Types  I  and  III  form  before  the 
solid  iron  dendrites,  and  would  therefore  be  expected  to  be  distributed  more  or 
less  at  random,  not  concentrated  preferentially  at  dendrite  arm  boundaries. 

The  observed  concentration  at  dendrite  boundaries  is  presumably  due  to  one  or 
both  of  the  following  factors: 


(1)  After  inclusion  formation,  and  during  growth  and  coarsening  of 

dendrites,  inclusions  are  pushed  ahead  of  the  liquid-solid  inter¬ 
face  into  interdendritic  spaces 0  This  "pushing"  has  been  demonstrated 

(53) 

for  SiO^  inclusions  in  an  iron  alloy' 


(2)  The  Type  I  inclusions  form,  not  according  to  the  equilibrium 

diagram,  but  after  formation  of  some  primary  iron  phase  as  discussed 
above.  Perhaps  "hollow"  inclusions  as  shown  in  Figure  15  are  found 
in  this  wayP 


The  pseudobinary  phase  diagram  may  also  be  used  to  qualitatively  explain 

the  modification  of  inclusion  type  for  a  given  steel  melt,  by  addition  of  a  deoxidizer, 

and  its  amount  used.  Assume  ,  as  example,  that  deoxidation  with  silicon  lowers  the 

equilibrium  liquidus  lines  as  indicated  schematically  in  Figure  25b;  the  melt  of 

composition  1  which  in  absence  of  silicon  gave  Type  II  inclusions  will  now  lead 

to  a  mixed  Type  II-III  inclusions 0  There  is  sufficient  evidence  that  such  a 

(54) 

shifting  of  the  equilibrium  liquidus  might  take  place  „  More  systematic, research 
is  necessary  for  quantitative  information  about  this  shifting. 

For  alloys  whose  initial  composition  is  not  exactly  in  the  binary 
Fe-MnS,  the  multicomponent  diagram  of  Figures  23-25  must  be  used  to  study  solidification 
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(or,  for  convenience,  the  schematic  basal  projections  of  Figures  27  and  28). 

Consider  first  the  meltj^of  hypoeutectic  composition,  Figure  27. 

Now  assuming  no  undercooling  before  nucleation,  the  liquid  composition:  follows 
the  heavy  path  shown  in  Figure  27  during  solidification.  Solid  iron  dendrites 
nucleate  at  the  equilibrium  liquidus ,  and  the  liquid  moves  along  the  straight 
line  a£b  (since  solid  solubility  of  sulfur  is  negligible).  At  B,  eutectic 
Type  II  inclusions  nucleate  and  grow  as  liquid  composition  moves  toward  the 
ternary  eutectic  point  H.  Final  structure  comprises  only  Type  II  inclusions 
in  the  iron  matrix. 

The  solidification  behavior  of  melt  of  slightly  hypereutectic 
composition  lying  in  the  field  of  primary  sulfide  crystallization,  Figure  28a 
may  be  summarized  as  follows  (negligible  undercooling) :  When  the  temperature 
of  the  melt  reaches  the  equilibrium  liquidus,  solid  manganese  sulfide  crystals 
nucleate.  With  decreasing  temperature  the  liquid  as  well  as  the  solidifying 
sulfide  become  richer  in  iron.  When  the  liquid  composition  reaches  B  on  the 
eutectic  valley,  iron  nucleates  and  the  eutectic  Type  II  sulfides  grow, 
either  by  new  nucleation,  or  by  extension  of  the  already  existing  primary 
sulfides.  The  solidification  is  again  completed  when  the  ternary  eutectic  H 
is  reached.  The  resulting  inclusion  type  is  mixed  II-III  (e.g.,  Figures  11, 
18,  and  22). 

When  the  composition  of  the  melt  jC  falls  inside  the  liquid 
miscibility  gap,  Figure  19b,  the  solidification  process  is  quite  different. 

As  soon  as  the  dome  is  reached,  pools  of  a  sulfide  rich  liquid  separate 
out  of  the  melt  of  composition.  L^.  With  decreasing  temperature  and  move 
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in  opposite  directions  and  reaches  point  a^  when  reaches  point  a^,  a2ai 

forming  a  tie  line.  While  the  temperature  decreases  further,  the  liquid  L 

_  a2 

moves  along  the  monotectic  line  PO  whereas  the  melt  La  moves  along  the  line 

CN.  La  comprises  the  sulfide-rich  Type  I  inclusions  forming  as  a  liquid 
from  the  melt.  Now,  according  to  simple  equilibrium  solidification  considera¬ 
tions  La  gives  monotectically  liquid  L  +  solid  (Mn,Fe)S  and  the  liquid  is 
2  al 

entirely  consumed  by  the  mcsiotectic  reaction.  However,  it  should  be  recognized 
that  as  with  the  case  of  the  discussion  on  the  simple  binary,  the  Type  I 
sulfides  comprise  a  very  small  volume  fraction  of  the  total  melt,  and  after 
the  iron  dendrites  begin  to  grow,  these  sulfides  must  be  very  quickly  surrounded 
and  trapped.  Hence,  any  changes  that  occur  to  liquid  during  cooling  from 
a2  **  ^2  localized  within  these  isolated  pools,  will  not  change  the 

shape  of  the  sulfides  (Type  I)  significantly,  and  will  result  in  no  overall 
change  in  inclusion  chemistry. 

The  other  liquid,  L^,  comprises  a  significantly  larger  volume 
fraction  than  does  L^,  As  this  liquid  cools  along  b^B,  Type  III  sulfides 
grow,  and  as  it  proceeds  along  BH,  Type  II  sulfides  grow.  At  the  completion  of 
solidification  at  H,  the  resulting  inclusion  type  is  mixed  I-II-III,  Figure  15, 
Type  I  being  the  inclusions  which  separated  as  liquid  pools  and  solidified 
between  a ^  and  III  being  the  inclusions  which  solidified  out  of  the  melt  as 

sulfide  crystals  between  b^  and  B,  and  II  being  the  eutectic  inclusions  which 
solidified  along  the  eutectic  valley  BH, 

Figure  28c  deals  with  another  case  of  a  melt^C  whose  composition  falls 
inside  the  miscibility  gap.  The  solidification  process  is  quite  similar  to  that 
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ex  amine  d  in  the  previous  case,  except  that  t^B  is  zero  in  the  present  case. 

Thus,  when  the  liquid  L ^  is  completely  consumed  at  b£  by  the  monotectic  reaction, 

any  subsequent  decrease  in  temperature  causes  nucleation  of  the  eutectic  out  of 

the  melt  L,  which  then  is  at  point  B.  There  are  no  primary  sulfide  crystals 
1 

in  this  case.  The  final  inclusion  type  is  mixed  I-II,  Figure  lb. 

In  the  case  of  the  ternary  system,  as  in  the  pseudobinary  system 
discupsed  earlier,  the  range  of  possible  structures  is  increased  if  the  possibility 
of  hindered  nucleation  of  Type  II  sulfides  is  considered.  However,  in  all  cases, 
it  is  predicted  that  Type  II  eutectic  inclusions  should  be  present  to  at  least 
some  small  extent  in  all  specimens  of  the  analyses  considered.  It  could  be 
repeated  that  for  a  given  steel  melt,  the  type  of  inclusions  to  be  expected 
depends  on  the  position  of  the  various  curves  in  the  basal  projection.  These 
curves  shift  according  to  the  nature  and  the  amount  of  deoxidizer  used  as  illus-..  . 
trated  in  Figure  26b  for  the  case  of  carbon. 

Solidification  considerations  based  on  the  basal  projection  method 

I 

provide  a  possible  explanation  to  various  observations  relating  to  the  effect 
of  cooling  rate  on  the  type  and  size  of  inclusions.  It  was  observed  that  a 
slower  solidification  decreased  the  relative  volume  fraction  of  Type  II  inclusions 

in  specimens  presenting  a  mixed  Type  I-II, 

i 

I 

In  all  the  systems  discussed  herein,  oxygen,  as  an  element,  was  not 
taken  into  account*  The  analysis  of  cases  in  which  oxide  or  silicate  cores  appear 

i 

in  sulfide  inclusions  should,  however,  consider  oxygen  as  well.  These  cases 
are  illustrated  by  Figures  9  and  2,  The  presence  of  oxide  or  silicate  core  in 
Type  1  inclusions,  Figure  9,  is  to  be  expected  because,  in  this  specimen,  the 
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oxygen  level  was  intentionally  raised  by  addition  of  The  presence  of 

oxide  in  the  high  sulfur  specimens.  Figure  2,  could  also  be  expected  because  it 
is  well  known^"^  that  with  increasing  sulfur  levels  the  equilibrium  solubility  of 


oxygen  in  molten  steel  increases. 


CHAPTER  VI  -  CONCLUSIONS 


1.  Sulfide  inclusions  in  AISI  4330  vacuum  melted  and  solidified  low  alloy 
steel  may  be  classified  into  three  types,  I,  II,  and  III.  Type  I  inclusions 
appear  as  individual  spheroids  of  a  wide  size  distribution  scattered 
randomly  in  the  interdendritic  spaces  (not  through  the  whole  matrix  as 
widely  believed) .  Type  II  inclusions  appear  as  a  degenerate  eutectic  network 
made  of  irregular  cylindrical  rods,  spread  out  in  the  interdendritic  spaces, 
delineating  the  dendrite  arm  boundaries  (not  just  at  grain  boundaries  as 
widely  believed) ,  The  classical  "beads"  and  "stringers"  observed  are  in 
reality  intersections  of  a  eutectic  network  by  the  polishing  plane.  Type 
III  inclusions  appear  as  idiomorphic  crystals  scattered  through  the  whole 
dendritic  structure,  but  with  a  higher  frequency  in  the  interdendritic 
spaces.  More  than  one  type  of  inclusion  usually  coexist  in  a  given  sample. 
The  usual  occurrences  are:  Type  II,  mixed  Type  I-II,  mixed  Type  II-III, 

and  mixed  Type  I-II-III. 

2.  The  sulfide  inclusions  in  the  AISI  4330  specimens  (with  no  other  addition) 
are  of  a  mixed  Type  I-II  and  consist  of  a  (Mn,  Fe,  Cr)S  solid  solution. 

With  increasing  S  content  the  volume  fraction  of  sulfide  inclusions  increases 
and  there  is  a  morphological  shifting  towards  Type  II.  With  increasing 
amount  of  0,  there  is  a  reverse  shifting  towards  Type  I  inclusions. 

3.  In  ingots  deoxidized  with  Al,  there  is  a  shifting  towards  inclusion  Type  II 
with  increasing  amount  of  Al.  No  Type  III  inclusions  are  observed  by 
addition  of  Al  alone. 

4.  A  simultaneous  deoxidation  of  the  melt  with  Al  and  Si,  or  Al  and  Mn,  or  Al, 

Si  and  Mn  may  lead  tb  formation  of  Type  III  inclusions.  A  three-dimensional 
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compositional  diagram  has  been  plotted,  allowing  the  determination  of  those 
combinations  of  Al,  Si  and  Mn  contents  which  lead  to  a  particular  type  of 
inclusions.  An  increase  in  the  0  level  displaces  the  various  limiting  surfaces 
of  the  diagram  in  such  a  way  that  higher  amounts  of  Al,  Si  and  Mn  are  required 
for  obtaining  Type  III  inclusions.  The  opposite  conclusion  is  expected  to 
be  valid  with  an  increasing  C  level. 

5.  Cerium  used  as  a  deoxidizer  causes  a  shifting  of  the  inclusion  Type  towards 
I.  Zirconium  additions  lead  to  a  mixed  Type  II-III  sulfide  inclusion 
containing  approximately  20  percent  Zr.  The  Type  III  inclusions  appear  as 
idiomorphic  crystals  scattered  in  the  dendritic  structure,  but  mainly 
concentrated  in  the  interdendritic  spaces  projecting  arms  which  join  the 
Type  II  inclusions.  Boron  additions  lead  to  a  mixed  Type  of  inclusions 
which  is  nonetheless  very  close  to  Type  III.  Idiomorphic  crystals  appear 
scattered  almost  exclusively  in  the  interdendritic  spaces  occupied  by  a 
matrix-boride  eutectic. 

6.  With  increasing  amounts  of  S  and  Mn,  the  Type  II  eutectic  network  becomes 
wider.  It  is  surrounded  by  Type  III  inclusions  often  showing  dendritic 
tendencies  with  projections  joining  the  eutectic  network. 

7.  With  decreasing  cooling  rate,  the  relative  volume  fraction  of  Type  I  inclusions 
and  their  average  size  increases.  The  average  spacing  of  the  eutectic  Type  II 
inclusions  also  increases.  For  very  low  solidification  rates,  the  Type  II 
eutectic  network  degenerates  into  isolated  rods  or  spheroids. 

8.  In  a  specimen  cast  with  mixed  Type  I-II-III  inclusions,  Type  X  inclusions 
appear  to  be  ring-like.  This  particular  morphology  Is  attributed  to 
undercooling. 
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9  a  The  origin  of  the  various  Types  of  inclusions  has  been  explained  by  following 
the  solidification  process  of  the  deoxidized  alloy  on  the  Fe-Mn-S  ternary 
phase  diagram,  or,  for  greater  convenience,  on  the  pseudo-binary  Fe-MnS 
phase  diagram.,  The  modification  of  these  diagrams  by  addition  of  the  various 
deoxidizers  is  expected  to  be  responsible  for  the  morphological  variation 
of  the  inclusions  observed.  It  is  concluded  that  Type  I  inclusions  form  by 
exsolution  of  sulfide  pools  out  of  the  steel  melt,  Type  III  inclusions  form 
by  solidification  of  sulfide  crystals  out  of  the  melt,  and  Type  II  inclusions 
form  by  solidification  of  the  sulfur-rich  liquid  along  a  eutectic  valley. 
Morphologies  of  the  different  types  of  inclusions  are  explained  on  the 
basis  of  phase  diagram  considerations  alone,  without  need  of  postulating, 
for  example,  differences  in  surface  energy  behavior  of  the  different 
inclusion  types.  However,  to  rationalize  the  final  distribution  of  inclusions 
observed,  it  is  suggested  that  Type  I,  and  to  a  lesser  extent,  Type  III 
inclusions  are  "pushed"  by  growing  dendrites. 


TABLE  I 


Nominal  Composition  of  AIS1  4330 
Low  Alloy  Steel 


c 

0.31 

Ni 

1.83 

Cr 

0.95 

Mn 

o 

00 

ct* 

Ho 

0.44 

Si 

0.27 

Va 

0.08 

Fe 

Balance 

TABLE  II 


Specimens  Prepared  and  Type  of  Inclusions  Observed 


Series  I 


Series  II 


Series  III 


Series  IV 


Composition  Cooling  Rate  Type  of  Inclusions 

°C/min 


AISI  4330+0. 01S 

40 

I-II  towards  I 

0.02S 

40 

I-II  towards  I 

;  0.05 

40 

I-II  towards  I 

:  0.1S 

70 

I-II  intermediate 

;  o.is 

40 

I-II  intermediate 

;  o.is 

20 

I-II  towards  I 

0.1S 

10 

I-II  almost  I,  coarser 

0.2S 

40 

I-II  intermediate 

i  0.5S 

40 

I-II  intermediate 

1.0S 

40 

Almost  II 

AISI  4330+0. 1S+0. 04  0 

40 

I-II.  At  center  of  ingot. 

i 

Type  I,  at  the  edge. 

Type  II,  smaller  siee 

0.08  0 

40 

I.  Dark  oxide  cores 

AISI  4330+0. 1S+0.05A1 

40 

I-II 

0.3A1 

40 

I-II 

P.4A1 

40 

Almost  II 

;  | 

D.5A1 

40 

II 

i 

D.8A1 

40 

II.  No  traces  of  III 

AISI  4330+0. lS+Q.05Si+0.1Al 

40 

I-II 

O.lSi+O.lAl 

40 

II 

1 

0 .  ISi+0 . 2A1 

40 

II 

0.05Si+0.3Al 

40 

II 

3.5Sl,0.1Si 

40 

II,  I-II 

3 . 2Si+0 . 1A1 

40 

II-III 

0 . 2Si+0 . 3A1 

40 

II-III 

1 

D .  lSi-H) .  35A1 

40 

II-III 

1  I 

Q .  5Si+0 . 1A1 

40 

II-III 

0.9Si 

40 

II-III 

i  1 

Q.2Si+0.4Al 

40 

III 

d .  3Si+0 . 3A1 

40 

III 

|  1 

0 . 4Si+0 . 2A1 

40 

III 

!  0 . 5S4-+0 . 3A1 

40 

III 

0.7Si+0.1Al 

40 

III 

TABLE  II  (continued) 


Series  V 

AISI  4330+0 . 1S+0  „05Mn+0 . 1A1 

40 

I-II 

0 . IMn+O . 1A1 

40 

II 

0 . IMn+O . 2A1 

40 

II 

0 . IMn+O . 3A1 

40 

II 

0 . 2Hn+0 . 1A1 

40 

II 

0 . IMn+O . 5A1 

40 

II-III 

0 » 2Mn+0 „ 2A1 

40 

II-III 

0 , 2Mn+0 . 4A1 

40 

II-III 

0 . 3Mn+0 . 3A1 

40 

II-III 

0.05Mn 

40 

H 

1 

H 

H 

0 . 4Mn+0 . 1A1 

40 

ii-iii 

lo4Mn 

40 

ii-iii 

0 . 3Mn+0  .  5A1 

40 

hi 

0 . 4Mn+0 . 3A1 

40 

hi 

0 . 5Mn+0 . 2A1 

40 

hi 

0 . 7Mn+0 . 4A1 

40 

hi 

0 . 85Mn+0 . 1A1 

40 

in 

Series  VI 

AISI  4330+0 „ 1S+0 . 3S1+0 . 3Mn 

40 

ii 

0 „3Si+0 „7Mn 

40 

ii 

0 . 45Si+0 . 5Mn 

40 

ii 

0.40S1+0 ,7Mn 

40 

ii-iii 

0.5Si+0.5Mn 

40 

II-III 

l.OSi+l.OMn 

40 

II-III 

Series  VII 

AISI  4330+0 , 1S+0 . ISi+O . 5Mn+0 . 4A1 

40 

III 

0 . 2Si+0 . 3Mn+Q . 3A1 

40 

III 

0 . 5S1+0 . 4Mn+0 . 1A1 

40 

III 

Series  VIII 

AISI  4330+0. 1S+0 .02  0+0 „lSi+Q .5Mn+0 -4A1 

40 

II-III 

0 „ 2Si+Q . 3Mn+0 . 3A1 

40 

II-III 

0 . 5S1+0 . 4Mn+0 . 1S1 

40 

II-III 

Series  IX 

AISI  4330+0 „ 1S+0 . 4Zr 

40 

III 

0.3B 

40 

III 

0  „  ICe 

40 

I 

Series  X 

AISI  4330+0 . 5S+2Mn 

40 

II-III 

0 . 5S+2Mn+0 „ 3Si 

40 

II-III 
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Figure  1:  Photomicrograph  of  AISI  4330  -  0.1%  S  specimen , solidified 
at  40°C/min,  (a)  Etched ,300X.  Type  I  sulfide  inclusions, 
(b)  Unetched ,200X.  Mixed  Type  I-II  sulfide  inclusions. 
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Figure  2:  Photomicrographs  of  two  AISI  4330  specimens 
containing  0-01%  S  and  1-0%  S , respectively $ 
solidified  at  40°C/min , 1000X. 

(a)  Type  I  sulfide  inclusions ? 

(b)  Type  II  sulfide  inclusions 
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Figure  3:  Photomicrographs  of  an  AISI  4330-0. 1%S  specimens solidified 
at  7Q°C/min ,2QGX.  Unetched , shoving  inclusion  morphology  on 
successive  surfaces  obtained  by  polishing  down  the  specimen 
Note  how  inclusions  that  appear  rod-like  in  one  sect ion  * 
appear  as  beads  in  another  section.  Sections  approximately 
200  microns  apart. 
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Figure  4:  Photomicrographs  of  AISI  4330-0,1%  S  specimen,  250X*  (a)  Unetched, 

(b)  Same  area,  etched  with  Rosenhain's  reagent,  showing  Type  II 
inclusions  aligned  along  dendrite  arm  boundaries. 
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Figure  7:  Photomicrographs  of  AISI  4330-0.1%  S  showing  finer  Type  II 

eutectic  inclusions  at  higher  cooling  rate,  500X.  Cooling  rates 
are:  (a)  70“C/min.,  (b)  10°C/min. 
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Figure  9:  Photomicrographs  of  AISI  4330-0.1%  S  -  0.08%  0  specimen  solidified 
at  40°C/min,  1000X.  (a)  Center  of  the  Ingot,  (b)  region  at  half 

distance  between  center  and  edge  of  the  ingot,  (c)  edge  of  the  ingot. 


PERCENT 


Figure  10:  Type  of  sulfide  inclusio: 

AISI  4330  -  0,1%  S  specii 


O  TYPE  I  -n  (MIXED) 
•  TYPE  n 

▲  TYPE  IT-ni  (MIXED) 
■  TYPE  HI 


I  j  I  I  I _ I _ L 

7  0.8  0.9  1.0  l.l  1.2  1.3  1.4  1.5 

SILICON  ADDED 


versus  A1  and  Si  additions, 
is  solidified  at  40°C/min. 
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Figure  11;  Photomicrographs  of  AISI  4330-0.1%  S  ”  0.2%  Si  ~  0.3%  A1  specimen 
solidified  at  40°C/min,  Mixed  Type  ll-III  sulfide  inclusions. 

(a)  50OX,  (b)  1000X. 
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Figure  12:  Photomicrographs  of  AISI 
4330-0. 1XS-0. 2%Si-0. 4XA1 
specimen  solidified  at 
40°C/min ,500X.  Type  III 
sulfide  inclusions. 


PERCENT  ALUMINUM  ADDED 


PERCENT  MANGANESE  ADDED 


PERCENT  SILICON  ADDED 

Figure  14:  Type  of  sulfide  inclusions  versus  Mn  and  Si  additions. 

AISI  4330  -  0.1%  S  specimens  solidified  at  40^C/min, 
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Figure  15:  Photomicrographs  of  AISI  4330-0.1%  S  -  0. 3%  Mn  -  0. 3%  Si 
specimen  solidified  at  40°C/min,  showing  Type  I  ring— like 
sulfide  inclusions  adjacent  to  Type  III  and  Type  II  inclusions, 
(a)  500X  ,  (b)  500X,  (c)  1000X,  (d)  1000X. 
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Figure  16:  Photomicrograph  of  AISI  4330  -  0.1%  S  -  0.3%  Si-  0.3%  Mn 
specimen  solidified  at  40°C/min,  1000X.  Type  II  sulfide 
inclusions  showing  internal  eutectic  structure. 


PERCENT  ALUMINUM 


Figure  17:  Type  of  sulfide  inclusions  versus  Al,Mn,and  Si  additions. 
AISI  4330  -  0.1%  S  specimens  solidified  at  40°C/min. 
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Figure  18:  Photomicrographs  of  AISI  4330  -  0.1%  S  0.4%  Zr  specimen 

solidified  at  40°C/min ,  500X.  (a),  (b) ,  and  (c  show  sulfide 

inclusions ,  (d)  shows  zirconium  silicate  inclusions  (Z)  adjacent 

to  sulfide  inclusions  (S) . 
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Figure  19:  Photomicrographs  of  AlSI  4330  -  0.1%  S  -  0.3%  B  specimen 

solidified  at  40° C/rain,  (a)  unetched,  200X,  (b)  etched,  200X, 
(c)  and  (d)  unetched,  500X. 
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Figure  20:  Photomicrograph  of  AISI  4330  -  0.1%  S  -  0.1%  Ce  specimen 

solidified  at  40DC/min,  1000X.  Unetched.  Type  I  multiphase 
sulfide  inclusions . 
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Figure  21:  Photomicrographs  of  AISI  4330  -  0-5%  S  -  2%  Mn  specimen 
solidified  at  4G°C/min, showing  mixed  Type  I- I X  sulfide 
inclusions p  (a)  200X,  (b)  a  different  region ,500X* 
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Figure  22:  Photomicrographs  of  AISI  4330  -  0.5%  S  -  2%Mn  -  0.3^  Si 

specimen  solidified  at  40°C/min  showing  mixed  Type  II-III 
inclusions,  (a)  200X;  (b),(c),and  (d)  500X. 


Figure  25:  (a)  Bas^l  projection  of  the  Fe  -  Mn-  S  system  showing  the 
miscibility  gap, tie  lines  across  the  gap, and  the  eutectic 
valleys,  (b)  Basal  projection  of  the  Fe(  C  saturated)  -Mn- 
S  system  indicating  the  shifting  of  the  miscibility  gap, of 
the  tie!  lines  across  the  gap  and  of  the  eutectic  valleys. 


Figure  26:  (a)  Schematic  representation  of  the  pseudo-binary  Fe  -  MnS 
phase  diagram  obtained  by  sectioning  the  ternary  Fe  -  Mn- 
S  phase  diagram  by  the  vertical  plane  whose  trace  on  the 
basal  plane  is  the  diagonal  Fe  -  MnS.  (b)  Schematic  shifting 
of  the  equilibrium  lines  between  the  various  phases  by  addi¬ 
tion  of  deoxidizers. 
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